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Thiol-Derivatized Metalloporphyrins: Monomolecular Films for the
Electrocatalytic Reduction of Dioxygen at Gold Electrodes
Abstract
This paper describes preliminary results in the design, construction, and characterization of cobalt(Il)
porphyrins derivatized with alkanethiol appendages. The use of the thiol appendages leads to the formation of
a chemisorbed monolayer of the corresponding thiolate at gold electrodes. Our findings suggest that this
approach may serve as a beginning for fabricating electrocatalytic monolayers with a preselected architecture
through the manipulation of the number and location of the appendages. Voltammetric data indicate that
monolayers from both I(Co) and II(Co) catalyze the two-electron reduction of 0 2 to H20 2• The monolayer
from I(Co), however, has a lower electrocatalytic activity. Infrared, X-ray photoelectron, and visible
spectroscopic data are presented that argue the difference in reactivity arises from a difference in interfacial
architecture. The results from attempts to metalate monolayers from I(Hz) and II(H2) support this
interpretation. Findings are also reported that indicate the preparation of mixed monolayers (e.g., two-
component mono layers from I(Co) and CHs(CH2)aSH) may prove valuable to this area of research.
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This paper describes preliminary results in the design, construction, and characterization of cobalt(Il) 
porphyrins derivatized with alkanethiol appendages. The use of the thiol appendages leads to the formation 
of a chemisorbed monolayer of the corresponding thiolate at gold electrodes. Our findings suggest that 
this approach may serve as a beginning for fabricating electrocatalytic monolayers with a preselected 
architecture through the manipulation of the number and location of the appendages. Voltammetric data 
indicate that monolayers from both I(Co) and II(Co) catalyze the two-electron reduction of 0 2 to H20 2• 
The monolayer from I(Co), however, has a lower electrocatalytic activity. Infrared, X-ray photoelectron, 
and visible spectroscopic data are presented that argue the difference in reactivity arises from a difference 
in interfacial architecture. The results from attempts to metalate monolayers from I(Hz) and II(H2) 
support this interpretation. Findings are also reported that indicate the preparation of mixed monolayers 
(e.g., two-component mono layers from I(Co) and CHs(CH2)aSH) may prove valuable to this area of research. 
Recent findings point to the electrocatalytic reduction 
of02 via immobilized metallomacrocycles as an attractive 
reaction for use in fuel cells.1•2 We report herein the 
creation and characterization of monolayers formed by 
chemisorption3 of the thiol-derivatized cobalt(II) por-
phyrins I (Co) and II (Co) at gold electrodes. A key feature 
of I(Co) and Il(Co) is the number and location of the 
thiol-containing "legs". Our findings suggest that this 
approach can serve as an effective starting point for 
controlling systematically the spatial orientation and 
coverage of the adsorbate (Chart 1). We show that 
monolayers from I(Co) and Il(Co) exhibit different 
electrocatalytic activities. Results from infrared (IRS), 
X-ray photoelectron (XPS), and visible (VS) spectroscopic 
data as well as from various chemical manipulations of 
the surface structure indicate that the differences in 
activity arise from differences in interfacial architecture. 
Preparation of the free-base thiol-derivatized porphyrins 
I(H2) and Il(H2) followed modifications of earlier pro-
cedures.4 Of paramount importance is the placement of 
both thiol appendages of Il(H2) on the same side of the 
porphyrin plane. This was achieved using the cis-amine 
isomer of 5,15-bis[o-aminophenyl]etioporphyrin as the 
precursor, which was chromatographically separated from 
* Authors to whom correspondence should be addressed. 
t Permanent address: The Silesian Technical University, De-
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its trans-amine isomer. 5 Alkylation of the cis-amine isomer 
with 6-(tritylthio)hexanoyl chloride, followed by removal 
of the trityl protecting groups with Hg(OAch and H2S,6 
produced 5a,15a-bis[o-(6-mercaptohexylamido)phenyl]-
etioporphyrin, Il(H2). The meso-[p-(6-mercaptohexyl-
amido)phenyl]triphenylporphyrin, I(H2), was prepared 
in a similar manner from (p-aminophenyl)triphenylpor-
phyrin.7 The metal complexes, I(Co) and Il(Co), were 
synthesized by insertion of Co(II) before removal of the 
trityl groups. 8 Monolayers were constructed by the 
immersion of annealed mica-supported gold9 into 10 ,uM 
CH2Cl2 solutions of the thiol derivatives for ,.,12 h. 
Samples were rinsed extensively with CH2Cl2 and CH3-
CH20H upon emersion. The subsequent findings are 
representative of the testing of more than ten samples of 
each type of monolayer. 
Evidence of the reactivities of the mono layers from I (Co) 
and Il(Co) is provided by the voltammograms in 02-
(5) Young, R.; Chang, C. K. J. Am. Chem. Soc. 1985, 107, 898. 
(6) Collman, J. P.; Groh, S. E. J. Am. Chem. Soc. 1982, 104, 1391. 
(7) Further details of the synthetic and other preparative procedures 
will appear in a manuscript in preparation. 
(8) Fuhrhop, J.; Smith, K. M. Laboratory Methods in Porphyrin and 
Metalloporphyrin Research; Elsevier: New York, 1975; p 42. 
(9) (a) Widrig, C. A.; Chung, C.; Porter, M. D. J. Electroanal. Chem. 
1991, 310, 335. (b) Walczak, M. M.; Popenone, D. D.; Deinhammer, R. 
S.; Lamp, B. D.; Chung, C.; Porter, M. D. Langmuir 1991, 7, 2687. 
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Figure 1. Voltammetric curves obtained for different Au 
electrodes: (a) uncoated Au; (b) I(Co) chemisorbed at Au; (c) 
II(Co) chemisorbed at Au; (d) mixed monolayer from CHs(CH2>s· 
SHand I(Co) chemisorbed at Au. The supporting electrolyte 
was an 0 2-saturated solution ofO.l M HCl04. The scan rate was 
50 mV/s geometric electrode area was of 0.63 cm2. 
saturated solutions of 0.1 M HCl04 in Figure 1. Curve a 
is for uncoated gold. Curves band care for I(Co) and 
II(Co), respectively, as chemisorbed monolayers at gold. 
A comparison of the positions and magnitudes of the curves 
reveals that the monolayer from II(Co) is a more effective 
electrocatalyst for the reduction of 02 to H202.10 Control 
experiments, 11 which used analogs of I(Co) and II(Co) in 
which all the SH groups are replaced by CHa groups, 
indicate that the differences in curves b and c do not arise 
from differences in the electronic structures of the 
absorbate precursors. We therefore attribute our obser-
vations to differences in the architecture of the two 
monolayers as directed by the chemisorption at gold via 
the thiol-containing appendages. 
Figure 2 presents IRS9 data that provides insight into 
the structures of the two monolayers. The absolute 
magnitudes of the bands for I(Co) and II(Co) at gold and 
the similarities of their positions with respect to the 
precursors in KBr point to the formation of a monomo-
lecular film of each complex. In addition, these data reveal 
general qualitative details about the architecture of the 
two monolayers.12 The details develop from considerations 
of the infrared surface selection rule which results from 
a preferential excitation of vibrational modes with dipoles 
normal to a highly reflecting metal surface. 13 Thus, the 
(10) Data confirming H202 as the product of the electrolysis of dioxygen 
at monolayers from both I(Co) and II(Co) were obtained spectroscopically 
using a long optical path length thin-layer spectroelectrochemical cell (J. 
Zak, Iowa State University, unpublished results). 
(11) Electrodes prepared by the chemisorption of the alkyl analogs of 
I(Co) and II(Co) at gold exhibited similar voltammetry in 02-saturated 
solutions of0.1 M HC104: peak potentials of the I(Co) and II(Co) analogs 
are +0.07 and +0.04 V (vs Ag/ AgCl (saturated NaCl)), respectively. 
(12) The voltammetry of the metal centers for I(Co) and II(Co) in 
deoxygenated solutions is poorly defined and difficult to distinguish from 
the background current. This has hindered attempts to determine the 
surface coverages by the measurement of the charge required for the 
one-electron conversion of the metal centers. We are presently devising 
a spectrophotometric assay for collecting such information. 
(13) (a) Greener, R. G. J. Chem. Phys. 1969, 50, 310. (b) Porter, M. 
D. Anal. Chem. 1988, 60, 1143A. (c) Mcintyre, J. D. E. Advances in 
Electrochemistry and Electrochemical Engineering; Delahay, P ., Tobias, 
C. W., Eds.; Wiley: New York, 1973. 
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Figure 2. Infrared spectra for I(Co) (A) and II(Co) (B) in KBr 
and at gold. Sis 4.0 X 10"2 and 4.0 X 10"4 AU for the KBr and 
the monolayer spectra, respectively. The reflection spectra were 
collected using p-polarized light incident at 82° with respect to 
the surface normal. 
differences in the relative absorbances of the bands for 
I(Co) and II(Co) at gold relative to in KBr are diagnostic 
of a preferentially as opposed to randomly oriented surface 
structure for both types of monolayers. At this time, 
however, an analysis of the orientation of the porphyrin 
ring from these data awaits completion of an in-depth 
band assignment study.l4 
Characterizations using XPS, in addition to substan-
tiating the composition of both types of monolayers, 
confirm chemisorption at gold through sulfur. For I(Co) 
at gold, bands only for sulfur as a gold-bound thiolate 
were observed: S(2Ptf2) at 163.1 eV and S(2pa;2) at 161.9 
eV.15 Features diagnostic ofunreacted SH groups as well 
as the more highly oxidized forms of sulfur (e.g., disulfides 
and sulfonates), which are all found at higher binding 
energies,16 were not detected. The XPS data for II(Co) 
are in agreement with the data for I(Co) at gold, though 
we are unable in this case to rule out the presence of a 
trace amount of polysulfide.17 
The VS data reveal another feature of the two mono-
layers. Upon chemisorption, the B band of I(Co) under-
goes an exitonic splitting to yield a doublet with blue-
(394 nm) and red-shifted ( 448 nm) components (Figure 3, 
spectrum e), as also found at related Langmuir-Blodgett 
(14) Leading references for the assignments of the vibrational modes 
of porphyrins include: (a) Nakanishi, K.; Solomon, P. H. Infrared 
Absorption Spectroscopy, Holden-Day, Inc.: Oakland, CA 1977. (b) Spiro, 
T. G.; Czernuszewicz, R. S.; Li, X.-Y. Coord. Chem. Rev. 1990,100, 541, 
and references therein. However, we have as yet to translate these f'mdings 
confidently to our structures, especially to II(Bz) and II(Co). 
(15) (a) Nuzzo, R. G.; Zegarski, B. R.; Dubois, L. H. J. Am. Chem. Soc. 
1987, 109, 733. (b) Bain, C. D.; Biebuyck, H. A.; Whitesides, G. M. 
Langmuir, 1989,5, 723. (c) Laibinis, P. E.; Whitesides, G. M.; Allara, D. 
L.; Tao, Y.-T.; Parik, A. N.; Nuzzo, R. G. J. Am. Chem. Soc. 1991, 113, 
7152. (d) Weisshaar, D. E.; Walczak, M. M.; Porter, M. D. Langmuir 
1993, 9, 323. 
(16) Lindberg, B. J.; Hamrin, K.; Johansson, G.; Gelius, U.; Fahlman, 
A.; Nordling, C.; Siegbahn, K. Phys. Scr. 1970, 1, 286. 
(17) A slight broadening at the low energy side of the S(2Pst2) band 
for II(Co) suggests the possible presence of polysulfide. However, this 
feature is barely detectable above the noise of the measurement, indicating 
that only trace amounts of these impurities are present. 
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Figure 3. Visible spectra for I(Co). (a) I(Co) in CH2Cb. (b-d) 
mixed monolayers formed by exchanging a butanethiolate 
monolayer at gold with 10 ~M of I(Co) in CH2Ch: (b) 
butanethiolate only; (c) 2 h exchange; (d) 18 h exchange. (e) 
I(Co) at gold as a pure monolayer. Sis 0.1 AU for (a) and 0.01 
AU for (b-e). The VS measurements were made using a Hewlett-
Packard 8452A diode array spectrometer. The reflection spectra 
were collected using p-polarized light incident at 60° with respect 
to the surface normal. An uncoated gold substrate served as a 
reference. The spectra in (b-e) were smoothed using an 11-point 
Savitsky-Golay algorithm. 
films.1B On the other hand, only a weakly absorbing red-
shifted ( 436 nm) B band was observed upon chemisorption 
ofii(Co). The positions of the B bands in CH2Cb are 412 
and 402 nm for I(Co) and II(Co), respectively. These 
spectral changes suggest a difference in the electronic 
dipolar interactions between the adsorbates in the two 
monolayers. The red shift for the monolayer from II(Co) 
is typical of head-to-tail dipolar interactions between the 
1r-systems of neighboring adsorbates.18 In contrast, the 
spectrum for the monolayer from I(Co) reveals the 
presence of coplanar, inclined18a (as opposed to face-to-
face19) 11'-11' electronic interactions between neighboring 
adsorbates. Based on these data, we infer that the 
structure of the monolayer from II(Co) is in-line with that 
depicted in Chart I, whereas that from I(Co) is more 
consistent with the representation in Chart II. 
To assess the influence of the 11'-11' interactions for the 
monolayer from I(Co), a mixed monolayer was prepared 
(18) (a) Schick, G. A.; Schreiman, I. C.; Wagner, R. W.; Lindsey, J. S.; 
Bocian, D. F. J. Am. Chem. Soc. 1989,111, 1344. (b) Sulkowski, J. E.; 
Bull, R. A.; Sauerbrunn, S. R. ACS Symp. Ser. 1981, No. 146, 279. (c) 
Bull, R. A.; Sulkowski, J. E. J. Colloid Interface Sci. 1983, 92, 1. (d) 
Cantor, C. R.; Schimmel, P.R. Biophysical Chemistry, W. H. Freeman: 
San Francisco, CA, 1980; Part II, p 395. 
(19) Face-to-face 1r""lr electronic interactions between porphyrins 
exhibit only a blue-shifted B band (see, for example, Gouterman, M.; 
Hanson, L. K.; Khalil, G.-E.; Buchler, J. W.; Rohbock, K.; Dolphin, D. 
J. Am. Chem. Soc. 1975, 97, 3142). 
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by a partial exchange with I(Co) at a previously formed 
monolayer from CHa(CH2)aSH.20 Curve d in Figure 1 
exemplifies the improvement in the electrocatalytic re-
sponse. We attribute the improvement to an isolation of 
porphyrin moieties within the matrix of the short chain 
thiolate. The VS data in Figure 3 conf"1rm the effect of 
the short chain thiolate on the coplanar, inclined '11'-stacking 
of the monolayer from I(Co). Spectrum b is for the 
monolayer from CHa(CH2>aSH. The spectra in c and d 
are for exchange times of2 and 18 h, respectively. Exitonic 
splitting of the B band is detectable only at long exchange 
times, consistent with the general architecture in Chart 
II. Voltammetric experiments revealed that the electro-
catalytic potency of these samples decreased upon ex-
tensive exchange. These findings argue that the lower 
electrocatalytic current for the monolayer from I(Co) 
results from the coplanar, inclined 11'-11' interactions 
between adsorbates, which hinders accessibility to catalytic 
sites. 
Support of our interpretation is provided by the results 
of attempts to metalate I(Hz) and II(Hz) using Co(OAch 
(,..., 2 mM in CHaOH, 1 h immersion) after monolayer 
formation. With such treatment, monolayers from II(Hz) 
displayed a response like curve c in Figure 1. Similarly 
treated monolayers from I(Hz) failed to catalyze 02 
reduction at a detectable level. Finally, Co(OAch treat-
ment of a mixed monolayer from I(Hz) and CHa(CH2)aSH 
produced an electrode with an activity similar to that in 
Figure 1, curve d. 
Work in progress is addressing further the fundamental 
aspects of these types of monolayers. The goal is to 
establish a clear connection between the molecular ar-
chitecture of the interfacial structures and electrocatalytic 
potency and to improve electrocatalytic performance. Of 
particular interest is unraveling how the interplay of the 
chemisoprtion of sulfur at gold and the 11'-'11' interactions 
between neighboring porphyrins controls the interfacial 
structure. 
Acknowledgment. Insightful discussion with M.G. 
Finn and the expert assistance of J. Andregg on the XPS 
measurements are gratefully acknowledged. The valuable 
comments of one of the reviewers is also noted. L.K.W. 
is a NSF Presidential Young Investigator (CHE-9057752) 
and a 1993 Camille and Henry Dreyfus Teacher-Scholar. 
The Ames Laboratory is operated for the U.S. Department 
of Energy by Iowa State University under Contract 
W-7405-Eng-82. This work was supported by the Office 
of Basic Energy Sciences, Chemical Science Division. 
(20) The mixed monolayer structure was prepared by forming a layer 
from 1 mM CHa(CH2>aSH in ethanol, followed by a partial exchange with 
10 ,uM of I(Co) in CH~h for ~4 h. 
